PIK3CA mutations are reported to be present in approximately 25% of breast cancer (BC), particularly the estrogen receptor-positive (ER+) and HER2-overexpressing (HER2+) subtypes, making them one of the most common genetic aberrations in BC. In experimental models, these mutations have been shown to activate AKT and induce oncogenic transformation, and hence these lesions have been hypothesized to render tumors highly sensitive to therapeutic PI3K/ mTOR inhibition. By analyzing gene expression and protein data from nearly 1,800 human BCs, we report that a PIK3CA mutationassociated gene signature (PIK3CA-GS) derived from exon 20 (kinase domain) mutations was able to predict PIK3CA mutation status in two independent datasets, strongly suggesting a characteristic set of gene expression-induced changes. However, in ER+/HER2− BC despite pathway activation, PIK3CA mutations were associated with a phenotype of relatively low mTORC1 signaling and a good prognosis with tamoxifen monotherapy. The relationship between clinical outcome and the PIK3CA-GS was also assessed. Although the PIK3CA-GS was not associated with prognosis in ER− and HER2+ BC, it could identify better clinical outcomes in ER+/HER2− disease. In ER+ BC cell lines, PIK3CA mutations were also associated with sensitivity to tamoxifen. These findings could have important implications for the treatment of PIK3CA-mutant BCs and the development of PI3K/mTOR inhibitors.
gene expression profiling | PI3 kinase D eregulated PI3K-AKT signaling has been implicated in many aspects of carcinogenesis. Many genomic alterations have been found to activate this pathway, which can contribute to tumor progression, metastases and resistance to treatment (1) . In particular, somatic mutations of the PIK3CA gene, encoding the p110α catalytic subunit of PI3K, have been shown to activate AKT and induce oncogenic transformation in vitro and in vivo (2) (3) (4) . Mutations of the PIK3CA gene have been found in 18% to 40% of human breast cancers (BCs) (5-7), making them one of the most common genetic aberrations in human BC; however, their precise downstream effects have not been clearly elucidated (1, 3) .
In BC, the relationship between PIK3CA mutations with clinical outcome remains unclear (8) . This is most likely a result of the mostly small and heterogeneous patient populations studied in previous reports (7, (9) (10) (11) (12) (13) , as the clinical consequences of PIK3CA mutations may depend on a patient's BC molecular subtype [e.g., HER2+ vs. estrogen receptor (ER)-positive/HER2−], the treatments received, and the presence of other oncogenic aberrations. Despite the many uncertainties surrounding the complex biology of PI3K signaling, a large number of PI3K inhibitors-specifically targeted to tumors possessing PI3K genetic aberrations such as PI3KCA mutations-are currently under development as potential anticancer compounds.
In previous studies of gene expression profiling in human BC, two distinct molecular subgroups of ER+/HER2− BC could be defined. These subgroups, initially referred to as Luminal-A and -B (14), were associated with significantly different prognoses: good and poor, respectively (15) (16) (17) (18) . Because expression of proliferation genes seems to define the clinical phenotype-high proliferation rates equates with poor outcome, in particular with tamoxifen monotherapy (16)-we hypothesized that PIK3CA mutations could be responsible for the oncogenic deregulation in the poor prognostic group and consequently these patients would be most suitable for PI3K/mammalian target of rapamycin (mTOR) pathway inhibition.
Therefore, the specific objective in this study was to better characterize the clinical relevance and molecular changes associated with a PIK3CA mutation in ER+/HER2− BC. To do this, we defined a gene-expression signature driven by PIK3CA exon 20 [kinase domain (KD)] mutations and show here that, surprisingly, in human ER+/HER2− BC, PIK3CA mutations were associated with relatively low mTORC1 functional output and a good clinical outcome with adjuvant tamoxifen monotherapy.
Results
PIK3CA Mutant ER+ BCs Are Associated with a Distinct Gene Expression Signature. Mutational analysis of the PIK3CA gene was performed in 173 primary ER+/HER2− BCs (TAM dataset; Table  S1 ). A total of 46 mutations were found (26%), the majority located on the KD, with 91% of these being H1047R substitutions (Table  S2) . PIK3CA mutations detected by sequencing were not significantly correlated with any other important clinicopathologic features (Table S3) . To determine whether PIK3CA mutations induced characteristic transcriptional changes, we compared gene expression profiles between PIK3CA mutant (mt) and WT samples using a two-sample t test. Only PIK3CA KD mt tumors were used in this analysis to exclude the possibility that mutations in different exons might produce different biological phenotypes. We found 278 probe sets with a fold change of >1.3 and a P value <0.05 (Dataset S1). The probability of obtaining this gene signature by chance was 0.02 after 1,000 random permutations of the class labels.
We hypothesized that a gene-expression signature associated with PIK3CA mutations would help us to better understand their effect on the pathway and their relationship to clinical outcome. To develop a predictive gene signature score, we took these probe sets and computed the sum of the average of the logarithmic gene expression-hereafter referred to as PIK3CA-GS-for each BC sample. We then assessed the ability of the PIK3CA-GS to classify BCs that were PIK3CA mt or WT by sequencing. In the TAM dataset on which the signature was developed, leave-one-out cross-validation of the procedure was performed and good classification performance was observed (area under the curve [AUC] of the receiver operating curve, 0.74; P < 0.0001).
To independently assess the ability of the PIK3CA-GS to determine PIK3CA mutation status, we evaluated two separate cohorts of patients with BC-105 and 129, respectively-with known PIK3CA mutation status (19, 20) . BCs that were known to be HER2-amplified were excluded in these analyses as these BCs would already exhibit PI3K pathway activation. We observed similar predictive ability in both datasets containing both ER+ and ER− samples, with both PIK3CA HD and KD mutations [Saal et al. (19) dataset, AUC, 0.7, P = 0.003; M. D. Anderson Cancer Center (MDACC) dataset (20) , AUC, 0.71, P = 0.002; Fig. S1 ]. Although we did not develop the PIK3CA-GS to replace sequencing for detection of PIK3CA mutant status, these results confirmed that, in human BCs, PIK3CA mt and WT tumors are associated with distinct gene expression profiles. We also noticed that regardless of the genes used, as many as 20% of PIK3CA WT tumors were misclassified as mt during the leave-one-out process. This suggests that other PI3K pathway aberrations may produce a phenotype similar to that of a PIK3CA mutation. Also of interest were the five AKT1 (3.8%) mutations (all E17K) also detected in this dataset (21) . The PIK3CA-GS predicted AKT1 mutations (AUC, 0.77; P = 0.04), indicating a similar pattern of gene expression. As PIK3CA and AKT1 mutations were mutually exclusive, this would exclude any possibility of over-fitting the data.
Correlation of PIK3CA Mutations and the PIK3CA-GS with Clinical Outcome in Human BC According to Molecular Subtype. Patients with known PIK3CA mutations by sequencing did not have a significantly worse prognosis compared with those without mutations (TAM dataset; Fig. 1A) . Also of note, all AKT1 mt ER+ BC patients remained relapse-free after 7 y of follow-up. PIK3CA HD and KD mutations were examined combined and separately and results were similar (Table S4) . However, compared with the prognostic subgroups known to exist in ER+/HER2− BC defined according to their expression of proliferation genes (16), PIK3CA mutants had a similar survival compared with the good-prognosis, low-proliferative (ER+/HER2−/L) subgroup and a better outcome compared with the poor-prognosis, highly proliferative (ER+/ HER2−/H) subtype (P = 0.03; Fig. 1B ). It is important to note that all patients in this analysis had received the same adjuvant treatment, thereby eliminating interactions between different treatments as potential confounding factors on patient outcome.
Hypothesizing that the PIK3CA-GS would be able to provide useful information about the activity of the PI3K/AKT pathway, even in patients with PIK3CA WT BC, the PIK3CA-GS was evaluated by using BC samples with unknown PIK3CA mutation status. Note that clinical outcome was not used to develop the signature, and hence all the survival analyses were unbiased in their estimate of its prognostic performance. The abilities of the PIK3CA-GS were also examined separately in each BC molecular subtype (22) .
As shown, the PIK3CA-GS was not associated with clinical outcome in the HER2+ and ER−/HER2− (i.e,. "triple negative") subgroups of patients with BC who had received no systemic treatment [untreated (UNT) dataset], thus providing a "clean" group for prognostic assessment (Table 1) . However, in the ER+/ HER2− group (n = 717), those tumors classified as "mt-like" or with a gene expression profile similar to that of a PIK3CA KD mutation had a significantly better outcome than those classified as "WT-like." As all patients with ER+ BC today receive adjuvant hormonal therapy, the prognostic ability of the PIK3CA-GS in tamoxifen-treated ER+ BC is shown in Table 2 . Of note, the PIK3CA-GS had prognostic ability in both ER+ BCs known to be PIK3CA WT and mt by sequencing. Of high clinical interest was the PIK3CA-GS's association with a better outcome in the ER+/HER2−/H subgroup, the prognosis of which with tamoxifen treatment is normally poor.
The Kaplan-Meier curves in Fig tamoxifen in both PIK3CA sequenced WT and mt samples, respectively. Two prognostic groups were generated by ranking patients according to the PIK3CA-GS and dividing at the median level. Fig. 1E demonstrates the ability of the PIK3CA-GS to divide the each ER+ BC subtype. Multivariate analysis confirmed that the PI3KCA-GS could provide independent prognostic information in the tamoxifen-treated patients (Table 3) and PIK3CA sequenced WT group (P = 0.06). Overall, our data suggest that the PIK3CA-GS has prognostic abilities, particularly for the ER+/HER2− BC, and that the PIK3CA-GS was a stronger prognostic indicator than mutation status alone.
PIK3CA Mutations in ER+/HER2− BC Are Associated with a Gene
Signature of PI3K/AKT Pathway Activation but Relatively Low mTORC1 Signaling Output. We next sought to better understand the biological signal associated with the gene expression pattern of PIK3CA mutations in human ER+/HER2− BC, given that it was able to predict mutation status in independent datasets, yet was correlated with a relatively good prognosis in 1,071 ER+ BC samples. These results seemed contrary to studies in experimental systems that have indicated (i) that activating mutations in PIK3CA results in increased neoplastic transformation through the PI3K pathway, and (ii) that increased levels of phosphorylated AKT have been associated with poor clinical outcome in BC (2, 4, 23) . Considering recent reports that PIK3CA mutations can induce cellular senescence, we looked for evidence of this using senescence-associated β-Gal (SA-β-Gal) staining (24, 25) . For the subset tested, we found no evidence of increased senescence in PIK3CA mt or PIK3CA-GS classified mt-like samples compared with WT. Next, we used Ingenuity Pathways Analysis (IPA) to compare the mt and WT samples for interactions of the differentially expressed genes. In the mt samples we noted significantly increased expression of PIK3R1 and PIK3R3 and decreased expression of IRS2, but, surprisingly, also of RPS6K, RHEB, EIF4E, many ribosomal and eurokarytic translation protein genes, and downstream cMYC (Fig. S2) . These patterns were also apparent in the mt-like (PIK3CA-GS classified) samples.
In a further comparison of PIK3CA mt and WT samples, we used GSEA (26) and curated gene sets obtained from Biocarta and the literature of PI3K/AKT/mTOR activation. Only an AKT-regulated gene set derived from Biocarta was significantly enriched in the PIK3CA mt samples (P = 0.02; false discovery rate, 0.1). Using GSEA in patient groups stratified by the PIK3CA-GS, we found similar results: the AKT-regulated genes were also enriched in the mt-like group (P = 0.01). However, the PIK3CA-GS was negatively correlated with gene signatures of proliferation (R = −0.4; P < 1 ). Given the importance of posttranslational regulation of the PI3K/AKT/mTOR pathway, it was critical to confirm these downstream findings at the protein level. In the TAM dataset, we performed immunohistochemistry (IHC) with antibodies to phosphorylated AKT and S6. In the PIK3CA WT compared with mt samples, respectively, we found pAKT expression was nonsignificantly up-regulated (P = 0.08) whereas pS6 expression was significantly down-regulated (P = 0.04; Fig. 2 ). Importantly, these findings were also observed in the independent dataset from MDACC, in which protein expression was evaluated by using reverse-phase protein arrays (Fig. 3 and Dataset S2). As seen, when unsupervised hierarchical clustering was performed, the mt and mt-like samples cluster together. The protein data were consistent with gene expression data showing decreased expression of the downstream proteins mTOR, S6K, and S6 associated with less phosphorylation of 4EBP1 and S6, further supporting the concept that the PIK3CA-GS was associated with relatively reduced downstream signaling in the mt and mt-like groups.
Finally, in light of recent data suggesting that not all PI3K pathway alterations are comparable (8, 29) , we asked whether we were seeing "relatively low" mTORC1 signaling as a result of PIK3CA mutations being "weak" activators of the PI3K pathway. Fig. 4 demonstrates significant differences in the expression of the PIK3CA-GS and PTEN-loss gene signatures-both of which summarize PI3K pathway activation but are driven by different aberrations-in BCs that divided according to PTEN deficiency (on IHC), PIK3CA-mutated, HER2-amplified, and molecular subtypes. Notable is the contrast between PTEN-loss and PIK3CA-mutated BCs. Notably, PIK3CA mts only have higher pathway activation compared with the Luminal A subtype (Fig.  4B ). Together these data suggest that, in ER+/HER2− BC with PIK3CA mutations, pathway activation surprisingly does not result in greatly elevated downstream signaling and their functional output differs substantially compared with that of PTEN loss. Patients were included from the TAM dataset who had all data available for analysis. All BC subtypes are defined using gene expression; HR, hazard ratio. In multivariate analysis, factors were treated as follows: age ≤50 y vs. >50 y; nodal status: positive vs. negative; tumor size: ≤2 cm vs. >2 cm; histologic grade 3 vs. 1 and 2. Endpoint is distant metastases. *PIK3CA-GS treated as a continuous variable (cut-off independent).
Correlation of PIK3CA Mutation Status and PIK3CA-GS in ER+ BC Cell
Lines to Tamoxifen and Rapamycin Response. We next evaluated sensitivity to tamoxifen in a panel of seven ER+ cell lines with known PIK3CA mutation status (Fig. 5A ). As seen, PIK3CA mt cell lines were associated with sensitivity to tamoxifen, corroborating the clinical outcome data. In contrast in the same cell lines, PIK3CA mutation status did not correlate with rapamycin sensitivity (Fig. 5B) . However, when the cell lines are ranked according to increasing PIK3CA-GS values (Fig. 5C) , the cell line with the highest value of the PIK3CA-GS-the lowest mTORC1 output-was the most rapamycin resistant (ZR751). Of note, the PIK3CA-GS was able to discriminate PIK3CA mutation in status in cell lines using publicly available data (30) . However, in cell lines the signature was significantly predictive but in the reverse direction compared with human PIK3CA mt ER+ BCs (AUC = 0.9; P = 0.008; Fig. S1C ), i.e., PIK3CA mt cell lines had the lowest values of the PIK3CA-GS correlating with high mTORC1 output (Fig. 5C ). This supports the notion that the strength of pathway activation may differ in vitro compared with human PIK3CA mt BC. We also queried the "Connectivity Map" (31) and found that, similar to our results described earlier, the PIK3CA-GS was positively correlated, i.e., had gene expression profiles similar to that induced by rapamycin (0.45) in MCF7 cell lines. Overall, these results reinforce that (i) PIK3CA mutations may impart a better response to tamoxifen, (ii) the PIK3CA-GS is associated with mutation status both in human BCs and in cell lines, and (iii) PIK3CA-GS could be helpful as a clinical biomarker of the functional PI3K/mTOR output.
Discussion
In the present study, we sought to determine whether PIK3CA mutations could be the oncogenic driver responsible for the poor prognosis of the highly proliferative ER+/HER2− BC phenotype. To our surprise, we found that PIK3CA mutations were not associated with a poor clinical outcome despite their known tumorigenic effects through activation of the PI3K pathway. We observed that, whereas PIK3CA mutations were associated with a distinct gene expression signature of PI3K pathway activationconfirmed in two independent datasets of human BC-in contrast, the PIK3CA-GS could identify ER+/HER2− BC patients, both untreated and tamoxifen-treated, with better outcomes. Moreover this ability was independent of their mutation status. We also report that PIK3CA-GS was not prognostic in ER− or HER2+ BC subtypes, suggesting that the molecular background of BC is an important determinant of the functional output of a PIK3CA mt BC. Finally we show that in ER+/HER2−/PIK3CA mt BCs, despite apparent PI3K/AKT pathway activation, downstream mTORC1 signaling was not greatly elevated at the transcriptional and biochemical levels. These patterns were observed from the gene expression data as well as corresponding protein data from multiple independent datasets of human BC.
Recently, the PIK3CA mutation has been described as a "good activating mutation" (32) given increased reporting of its association with favorable prognostic features such as ER positivity and a relatively good clinical outcome with hormonal therapy (8, 9, 12, 13, 33) . Our data support this but suggest that the effect is restricted to ER+/HER2− BC. It was previously reported that PIK3CA mt cell lines were sensitive to tamoxifen (34) consistent with our results from a larger panel of ER+ cell lines. However, it is unclear how PIK3CA mutations contribute to the phenotype observed, namely of improved outcome with endocrine therapy.
Although the exact underlying mechanism is unclear, our data point to several possible hypotheses. The first is that this phenomenon could be mediated by unknown genes. Potential candidates are PP2A and/or PML, both known negative regulators
p=0.08 p=0.04 Fig. 2 . Box-plots comparing expression of (A) p-AKT and (B) p-S6 levels in PIK3CA mt and WT samples from the TAM dataset. Examples of PIK3CA mt and WT samples (C and E, respectively): pAKT was present in both the nuclei and cytoplasm, and pS6 staining was observed mainly in the cytoplasm from positive tissue specimens (D and F, magnification 400×, high-power field). of AKT1 and mTOR, and both present in the larger gene signature list (P < 0.05) (35, 36) . Second, considering that the PI3K pathway is known for its negative regulation abilities in the setting of chronic activation, mediated in part by reduction of IRS protein, we speculated whether feedback down-regulation was responsible for our observations (37, 38) . Although we saw decreased IRS2 expression, classically the activation of the PI3K signaling that results in feedback down-regulation is a result of elevated mTOR/S6K signaling (39) . Against this model, we saw low mTORC1 signaling in association with PIK3CA mutations in ER+/HER2− human BC. It is possible that another unknown feedback mechanism exists to down-regulate mTORC1 signaling. An interaction mediated by estrogen signaling is possible given the extensive cross-talk that exists between estrogen and growth factor pathways and could also contribute to increased tamoxifen sensitivity. However, typically activated PI3K/AKT is thought to contribute to the development of endocrine therapy resistance by augmentation of nuclear ER signaling (40) .
The third potential explanation for our findings is that PIK3CA mutations are associated with weak pathway activation, i.e., the pathway is activated but other PI3K pathway alterations produce stronger pathway activation in BC. Viewed from this perspective, our observations could reflect "relatively low" activation as a result of the comparison containing some WT tumors with stronger downstream output (41) . Therefore, it is possible that the good clinical outcome could still be mediated by classic feedback down-regulation secondary to pathway activation, albeit weak. This would then result in insensitivity to upstream receptor tyrosine kinase stimulation (37) , which in turn would delay or prevent the development of growth factor receptormediated endocrine therapy resistance in PIK3CA or AKT1 mutated ER+/HER2− BC. This seems plausible considering that tamoxifen resistance is thought to be predominantly driven by growth factor receptor signaling (42) .
It is conceivable that tumor aggressiveness in BC and the level of oncogenic signaling may vary depending on the mechanism of pathway activation. PIK3CA mutations in invasive endometrial cancer are reported not to be associated with an aggressive phenotype compared with tumors with decreased PTEN and PIK3CA amplification (43) . Recent data in BC also support significant differences in functional PI3K output between PIK3CA mutations and PTEN loss (8, 29) . The strong repressive abilities of intact PTEN may also contribute to a PIK3CA mutations having a "weaker" oncogenic effect. Moreover, KD mutation activation could be limited by p85 repression (44) . The coexistence of multiple PI3K pathway aberrations in a single tumor supports the hypothesis that multiple "hits" may be required to induce effective tumorigensis as a result of the presence of strong repressors and/or to relieve the negative feedback on the pathway induced by one alteration (45) .
Our study does not examine the effect of PIK3CA mutations in HER2+ or ER− disease; PIK3CA mutations are reported to increase trastuzumab resistance in HER2+ BC (46) . It is also essential to emphasize that we did not develop the PIK3CA-GS to replace sequencing to determine those BCs that are PIK3CA mutated; rather, we demonstrate that these gene expression changes can provide insight into the functional steady state induced by a PIK3CA mutation in ER+/HER2− BC. Importantly, this seems not to be equivalent to that which is found in experimental models. Ultimately, the ability of the PIK3CA-GS to predict response to PI3K/mTOR inhibitors may be its most valuable application. Our cell line data provides some preliminary evidence of its potential clinical utility; however, this requires further validation. Nevertheless, our results from more than 1,500 human BCs suggest that, in future clinical trials conducted in ER+/HER2− BC, stratification for PIK3CA and AKT1 mutations will be important as these patients may respond well to hormonal therapy. This could also have implications for the clinical development of PI3K/mTOR inhibitors in BC.
Methods
Further information on methods is available in SI Methods. PIK3CA and AKT1 Mutation Analysis. DNA were obtained from 173 primary ER+ BC tumor samples from a previously described TAM dataset (Table S1 ) (47) . Screening of mutations is described in SI Methods. Corresponding microarray data were used to develop the PIK3CA-GS. Microarray analyses were performed using BRB ArrayTools, version 3.5 (http://linus.nci.nih.gov/ BRB-ArrayTools.html), and R software, version 2.3 (www.r-project.org). The PIK3CA-GS (Dataset S1) was a simple linear algorithm in which the weight of the genes was +1 or −1 depending on their association with PI3KCA mutation status: higher expression equates to the mt-like profile in ER+/HER2− human BC. Independent validation datasets of PIK3CA-GS's ability as a continuous variable to predict mutation status have been described for the MDACC (20) and Saal et al. (19) datasets.
Survival Analysis of PIK3CA-GS. Samples analyzed were from women diagnosed with early-stage BC who had received adjuvant tamoxifen monotherapy [TAM dataset (n = 354), Table S1 ; ref. 47] or no systemic adjuvant treatment [UNT dataset (n = 1,189) as described in Desmedt et al. (48)]. BC molecular subtypes (ER−/HER2−, HER2+, and ER+/HER2−) were defined using a previously reported method (22, 48) . The ER+/ HER2− low (L) and high (H) proliferative subgroups were defined as described in Loi et al. (16, 27) , similar to the Luminal A and B subtypes described by Perou et al. (15) BC Cell Lines. The dataset described in Hu et al. (30) was used to evaluate the PIK3CA-GS's ability as a continuous variable to predict mutation status in ER+ (luminal) cell lines.
Senescence and Protein Evaluation. For information on senescence and protein evaluation, see SI Methods.
Cell Culture and Proliferation Assays. Half-maximal growth inhibitory concentrations (IC 50 ) were assessed by using MTT proliferation assays. Statistical analysis was performed using the SPSS statistical software package (SPSS), version 15.0. The performance of the predictive abilities of the PIK3CA-GS was evaluated by the AUC as a continuous variable. For Kaplan-Meier survival curves, the PIK3CA-GS was dichotomized to form two groups: the group with the higher expression of the PIK3CA-GS is referred to as mt-like, and the one with lower expression WT-like.
